ABSTRACT Background: Visceral adipose tissue (VAT), which is linked with the metabolic consequences of obesity, is usually characterized by measuring VAT area at the L4 -L5 vertebral interspace. However, the location of the slice with the strongest relation to VAT volume is not established. Objective: We sought to investigate the relations between crosssectional VAT areas at different anatomic locations and VAT volume in a large, diverse sample of healthy subjects. Design: VAT volume was derived from slice areas taken at 5-cm intervals from magnetic resonance images in 121 healthy men [x Ȁ SD age: 41.9 Ȁ 15.8 y; body mass index (BMI; in kg/m 2 ): 26.0 Ȁ 3.2; VAT: 2.7 Ȁ 1.8 L] and 198 healthy women (age: 48.1 Ȁ 18.7 y; BMI: 27.0 Ȁ 5.4; VAT: 1.7 Ȁ 1.2 L). Regression models were developed to identify the best single slice for estimating VAT volume. Results: The VAT area 10 cm above L4 -L5 (A ѿ10 ) in men (R 2 ҃ 0.932, P 0.001) and 5 cm above L4 -L5 (A ѿ5 ) in women (R 2 ҃ 0.945, P 0.001) had the highest correlation with abdominal VAT. R 2 increased by only 3.8% in men and 0.5% in women with adjustment for age, race, scanning position, BMI, and waist circumference. Studies using A ѿ10 in men and A ѿ5 in women will require 14% and 9% fewer subjects, respectively, than those using slices at L4 -L5 and will have equivalent power. Conclusion: Measurement of slice areas at A ѿ10 in men and A ѿ5 in women provides greater power for the detection of VAT volume differences than does measurement at L4 -L5. 2004;80:271-8. 
INTRODUCTION
Over the past 2 decades, the availability of high-resolution cross-sectional imaging methods, such as computerized axial tomography (CT) and magnetic resonance imaging (MRI), has provided important opportunities for quantifying whole-body and regional adipose tissue in vivo. These technologies afford the means by which adiposity can be linked with health risks and outcomes. Specifically, the relatively small visceral adipose tissue (VAT) compartment is now widely recognized as conveying the highest health risks of the adipose tissue compartments that are currently measurable in humans (1) (2) (3) (4) (5) .
Whereas multislice volume imaging is generally considered the reference for measuring total and regional adipose tissue volumes (6 -8) , application is limited by the radiation exposure associated with CT and by the relatively high cost of image analyses obtained by using MRI. Accordingly, most investigators use a single cross-sectional image as a representative measure of VAT as a compromise between accuracy and cost in their research (9 -16) . However, the accuracy of a single crosssectional image area in estimating or representing VAT volume is not well established. Early studies of small subject samples showed a good correlation (r ҃ 0.95-0.99) between VAT area measured in a single slice and VAT volume measured by using multiple slices (7, 17, 18) . In other studies, either lower correlations (r ҃ 0.82 to Ȃ0.83) of single-slice areas with VAT volume were found (19, 20) , or the investigators questioned the usefulness of single CT or MRI images in estimating VAT volume (21) .
A related concern is that there has been no systematic investigation to identify the anatomic location of a single slice whose area is most highly correlated with VAT volume or to ascertain whether such an optimum location is generalizable across age and race groups. A high intrasubject between-slice variability in abdominal adiposity was reported by Greenfield et al (22) , and the inference was drawn that single-image slices are of limited utility for between-subject comparisons. In another recent study, Sumner et al (23) found that comparisons that used single-slice CT methods to measure adipose tissue areas failed to detect the well-known differences in VAT volume between men and women. The accuracy of a single-image slice in depicting VAT volume is of particular importance to future studies using a single-image slice for phenotyping subjects and to evaluations of the large number of published reports over the past 2 decades that rely on a single slice to represent VAT volume.
The aim of the present study was to investigate the relations between single cross-sectional image areas and the volumes of abdominal and abdominopelvic VAT in a large sample of healthy subjects who completed whole-body MRI studies. Our focus was to identify the slice location with the strongest association with VAT volume across age and race groups.
SUBJECTS AND METHODS

Protocol and design
The study was carried out by evaluating the relations between single cross-sectional image areas and the volumes of abdominal and abdominopelvic VAT in healthy subjects. Subjects were established as healthy on the basis of a medical history, physical examination, and screening blood studies. All subjects with body mass index (BMI; in kg/m 2 ) ͧ 18.5 who underwent standardized whole-body MRI scanning were included in the present study, and additional measurements, including weight, height, age, and waist circumference, were taken. Race was self-reported by the subjects.
Subjects
Two hundred seventy-seven healthy subjects were selected from among those available in the Image Analysis Laboratory database of the New York Obesity Research Center at St Luke'sRoosevelt Hospital. The database was compiled from studies carried out between 1995 and 2002. The present study also included 42 subjects who had participated in 2 earlier studies at the School of Dietetics and Human Nutrition of McGill University (24, 25) . The total selected sample included 121 men and 198 women. The subjects' characteristics are summarized in Table 1 .
Anthropometric measurements
Body weight was measured to the nearest 0.1 kg and height to the nearest 0.1 cm with the use of appropriately calibrated scales and stadiometers. Waist circumference (WC) measurements were available for all subjects at the New York Obesity Research Center, including 97 men and 180 women. Waist circumference was measured while the subjects were wearing only undergarments and standing with their heels together. Minimum WC was measured between the lower rib margin and the iliac crest.
Magnetic resonance imaging
Whole-body MRI was carried out as previously reported by our group (26, 27) . At the New York Obesity Research Center, MRI scans were performed by using a 1.5 T system (6X Horizon; General Electric, Milwaukee); at the School of Dietetics and Human Nutrition, scans were performed by using a 1.5 T Siemens system (Magnetom; Siemens, Mississauga, Canada). All subjects were scanned by using a T1-weighted, spin-echo sequence with a 210-ms repetition time, a 17-ms echo time, a 48-cm field of view, and a 256 ҂ 256 matrix. The protocol involved acquisition of Ȃ40 axial images of 10-mm thickness at 40-mm intervals from fingers to toes while the subject was either prone or supine by using the L4 -L5 intervertebral space as the point of origin. After image acquisition, the VAT was segmented by trained and quality-controlled technicians with the use of image analysis software (SLICEOMATIC, version 4.0; Tomovision Inc, Montreal). The intraclass correlation coefficient for volume rendering of VAT by different technicians at our center is 0.95. The VAT volume was calculated as:
where V is volume, A i is each scan's cross-sectional area, h is the between-slice interval, t is the thickness of each slice, and N is the number of total slices. Abdominopelvic VAT volumes were calculated by using all slices between the dome of the liver and the bottom of the pelvis (abdominopelvic region), whereas abdominal VAT volumes were calculated by using all slices between the dome of the liver to one slice below L4 -L5. Abdominal and abdominopelvic VAT were chosen in this study because they were the most frequently measured compartments in previous studies. Shen et al (28) has provided an extended critical review of VAT definitions and the use of VAT estimations in clinical research. 
Statistical analysis
Group data are presented as means Ȁ SDs. Variation in VAT area among slices at different locations is expressed as the intrasubject between-slice CV, both for 4 slices, as reported by Greenfield et al (22) , and for all 8 available slices. The correlations among single-slice VAT areas and those between single-slice VAT areas and VAT volume were calculated for each slice, and the results were used to identify the slice location with the highest correlation with abdominal and abdominopelvic VAT. Because most previous investigations reported abdominal rather than abdominopelvic VAT (3, 29 -32), we simplified our presentation of results by providing illustrative examples mainly for abdominal VAT, although we carried out analyses for both compartments of VAT and had similar results.
The slice showing the highest correlation between VAT area and VAT volume was chosen as the best slice for use in regression models. A simple regression model was then applied to ascertain separately the coefficients for the observed relations between VAT volume and VAT area for the selected slice and for the slice at L4 -L5. The variance of the residuals from the regression of L4 -L5 and that of residuals obtained by using the best single slice were compared with the use of Pitman's test for correlated variances (33) . Differences between correlation coefficients from correlated samples were tested by using the method of Steiger (34) .
Multiple regression models were applied to establish whether the relation between the VAT volume and the VAT area of the selected slice is modified by age, ethnicity, scanning body position (ie, prone or supine), body mass index (BMI) or waist circumference. Interactions of the selected slice VAT area with other variables were explored. Two-way and three-way interactions among covariates were also tested. The validity of the equation when used in samples other than the one from which it was derived was estimated by calculating the cross-validation SD of the prediction error. This involves deriving a regression equation from N Ҁ 1 cases, and applying the derived equation to predict the dependent variable in the excluded case, the leaveone-out method (35) .
A polynomial curve was fitted to describe the smoothed relation of correlation strength for slice area and VAT volume over the range of different anatomic locations for men and women separately. A similar polynomial was fitted to describe the relation between slice area and different anatomic locations. The location of the peak of the polynomial curve was taken as an estimate of the anatomic location of the single slice that would have the highest correlation between VAT area and volume.
All statistical analyses were carried out with the use of SPSS for Windows software (version 11.0; SPSS Inc, Chicago). Twotailed (␣ ҃ 0.05) tests of significance were used.
RESULTS
Single-slice VAT area with the highest correlation with VAT volume
The single-slice VAT area having the highest correlation with abdominal VAT volume in men was located 10 cm above L4 -L5 (r ҃ 0.966), and that having the highest correlation with abdominal volume in women was located 5 cm above L4 -L5 (r ҃ 0.972) ( Table 2 ). The highest correlation coefficients are significantly greater in both men and women than those at L4 -L5. A scatter plot of the relation between the single-slice area at 10 cm above L4 -L5 and abdominal VAT in men and that between the single-slice area at 5 cm above L4 -L5 and abdominal VAT in women is shown in Figure 1 . Overall, the correlations between single-slice VAT areas and abdominopelvic VAT volume were slightly lower than those between the same single-slice areas and abdominal VAT ( Table 2 ). The single-slice area showing the highest correlation with abdominopelvic VAT was also 10 cm above L4 -L5 in men (r ҃ 0.961) and 5 cm above L4 -L5 in women (r ҃ 0.964).
Between-slice variation in VAT
The intrasubject CVs, both for 4 slices and for all 8 slices, were 11.7%-39.6% ( Table 3) . The correlations among the evaluated VAT areas of these slices are presented in Table 4 , and the r value of adjacent slices in the middle portion of the abdomen was Ȃ0.9.
Single-slice area with the strongest relation to VAT
The VAT area 10 cm above L4 -L5 (A ѿ10 in cm 2 ) in men and 5 cm above L4 -L5 (A ѿ5 in cm 2 ) in women was selected for inclusion in the multiple regression models as the independent variable, and abdominal VAT volume was used as the dependent variable. The coefficients for the developed regression equations are shown in Table 5 . The SD of the prediction error derived by the leave-one-out method was 0.448 L for men and 0.258 L for 1 All correlation coefficients are significant at P 0.001; all coefficients in the ѿ5 cm and ѿ10 cm columns are significantly greater than the corresponding correlations in the L4 -L5 column, P 0.05, except where noted otherwise.
2 Greater than correlations at L4 -L5, P ҃ 0.07.
women. The SD of the prediction error of the regression model was 0.443 L for men and 0.255 L for women. The small size of the difference between these 2 errors indicates that the developed regression equation would have a high validity when applied to other samples similar to the one from which it was developed. The contributions of age, race, scanning body position (ie, prone or supine), BMI, and WC as significant covariates to the developed model are shown in Table 5 . Although some of these factors were significant either as main effects or in two-way and three-way interactions, together they improved R 2 only in the range of 0.004 -0.031. When all of the significant factors were entered either as main effects or as interactions, the R 2 increased from 0.932 to 0.970 in men and from 0.945 to 0.950 in women.
With the equation using only the VAT area 10 cm above L4 -L5 as the independent variable for men and that 5 cm above L4 -L5 for women, the SE for an individual subject's estimated VAT is 0.445 L for men and 0.256 L for women. Imaging of a single appropriate slice can thus be used to distinguish reliably between subjects who differ in VAT volume by ͧ1.0 L (women) and ͧ1.7 L (men). With the equation that uses the best slice as the independent variable and covariates of age, race, prone or supine body position, BMI, and WC, the SE for an individual subject's abdominal VAT volume is Ȃ 0.261 L for men and Ȃ 0.231 L for women.
The best slice was also tested for inclusion in the multiple regression models with abdominopelvic VAT volume as the dependent variable. The results are similar to those for abdominal VAT volume: abdominopelvic VAT has a slightly lower R 2 (0.923 in men and 0.929 in women) than does abdominal VAT. The improvement in R 2 is 2.7% for men and 0.4% for women with all significant covariates and interactions entered into the model (data not shown).
Estimation of VAT at L4 -L5
The VAT area at L4 -L5 was investigated with multiple regression modeling that used abdominal and abdominopelvic VAT volumes as the dependent variables. The SE for an individual subject's abdominal VAT volume is Ȃ 0.750 L for men and Ȃ 0.404 L for women. Pitman's test for correlated variances confirmed that the variance for residuals in the L4 -L5 model was greater than that in the models using the best slice (P 0.001). This indicates that the errors of predictions based on the L4 -L5 area were significantly larger than those based on an area 10 cm above L4 -L5 in men and 5 cm above L4 -L5 in women.
Power estimates for different anatomic locations
If VAT volume as measured by the multiple-slice protocol is taken as the "true" value, and if the squared correlations between single-slice locations and VAT volume are considered to be estimates of the reliability of the single slice as a measure of VAT volume, then we can calculate the relative loss of power when a single slice is used (36) . To achieve equivalent power, a study that would require N subjects when multiple-slice measures of VAT volume were used as the dependent variable would require 7% more men if a single-slice area is measured 10 cm above L4 -L5 and 6% more women if a single-slice area is measured 5 cm above L4 -L5. In contrast, 24% more men and 16% more women will be required to achieve equivalent power if a singleslice area is measured at L4 -L5.
Polynomial interpolation
Because contiguous slices were not available in this data set, we estimated the anatomic location of maximum correlation by using polynomial interpolation. Fourth-order polynomials were fitted to the 5 correlation coefficients describing the relations between VAT area and abdominal VAT volume and to singleslice VAT areas and anatomic locations (equations not shown; Figure 2 ). The maximums of the fitted curves suggest that the strongest association between VAT area and volume is found when slices are located at 9.0 cm and 7.1 cm above L4 -L5 in men and women, respectively. The maximums of the polynomials relating correlation coefficients to anatomic location and singleslice area to anatomic location occur at different anatomic locations, which suggests that the slice with the largest area does not necessarily have the strongest association with VAT volume.
DISCUSSION
The present study, carried out in a large sample and including subjects who varied in race, age, and BMI, generally confirms the 7, 17, 19, 20, 37) . In addition, we observed the highest correlation between VAT area and volume Ȃ5-10 cm above L4 -L5. Studies using slices from this higher location will require Ȃ9%-14% fewer subjects for equivalent power than will studies using VAT slices from the L4 -L5 location. When the effects of subject age, race, scanning body position, BMI, and WC on the strength of the associations between the identified optimum anatomic location and VAT volume were examined, WC and its interactions with age were found to improve R 2 Ȃ3% in men; all other covariate and their interactions increased R 2 by only 1.5%. Thus, an anatomic location Ȃ10 cm above L4 -L5 in men and Ȃ5 cm above L4 -L5 in women may be used to represent VAT volume across a wide range of healthy subjects, as evaluated in the present study. Several previous small-scale studies (n 50 subjects) reported the highest correlation between VAT area and volume at either L4 -L5 (17) or L2-L3 (18, 38) . However, some of those studies are not comparable to the present investigation because only the middle portion of the abdomen was investigated to predict VAT volume (18, 39) . Some previous studies adopted other landmarks, such as L2-L3 (18), which is Ȃ10 cm above L4 -L5 but which varies in location with subject stature. The degree of correspondence between a single slice at L2-L3 and a slice 5 or 10 cm above L4 -L5 cannot be evaluated in the current study.
The SE for predicting VAT volume in an individual subject from a single-slice area is 0.256 -0.445 L. Therefore, the use of a single-slice VAT area estimate has limited application to estimations of VAT volume in an individual subject. The cutoff point suggested previously for diagnosing excessive VAT volume (ie, 130 cm 2 at L4 -L5; 40) will therefore be imprecise and should be used cautiously in individual subjects. However, in group studies, the use of an appropriate single-slice area would require only 7% more men and 6% more women than would the use of a multiple-slice volume protocol, which indicates that an appropriately selected single slice can be used for group studies.
A noteworthy finding in this study is that the slice area with the highest association with VAT volume was not the slice with the largest VAT area, especially in women (Figure 2) . A possible explanation for this unanticipated finding is that VAT has 2 compartments, intraperitoneal and extraperitoneal adipose tissue (IPAT and EPAT, respectively; 28). Whereas EPAT components serve primarily as mechanical cushions for organs such as kidneys, rectum, uterus, and bladder, IPAT depots are of high metabolic activity, and thus they may account for a large proportion of the intersubject variation in observed VAT volume. Consequently, a slice that contains mostly IPAT may show the highest correlation between slice area and VAT volume even though the slice does not have the largest VAT area. A previous study of diet-and exercise-induced weight loss found that the relative loss in VATarea15cmaboveL4-L5wassignificantlylargerthanthatatother abdominal slice areas (41) . This observation supports the hypothesis that slices above L4-L5 contain more metabolically active VAT, and it is consistent with the observation that IPAT is located primarily in the upper abdomen (Unpublished segmentation of Visible Man; Visible Man; National Library of Medicine, Bethesda, MD; Internet: http://www.nlm.nih.gov/research/visible/visible_human.html).
The L4 -L5 VAT area has served as a measure of VAT in almost all studies over the past 2 decades, including those investigating physiologic processes and pathological states (9 -16) and method validations or optimizations (42) (43) (44) . The use of the transverse L4 -L5 slice to represent the entire abdominal compartment can be dated back to the earliest studies of bodycomposition imaging methods (45) . In the initial CT studies, Kvist et al observed that the highest correlations between a single-slice area and VAT volume (from 22 scans) of both totalbody adipose tissue (37) and VAT (17) were at L4 -L5 (r ҃ 0.991). Although both studies were carried out in a small number of subjects (ie, 8 and 26) and the latter included women who had undergone colectomy, many studies thereafter adopted the L4 -L5 anatomic location for studies of VAT and cited the study of Kvist et al (17) for this approach (16, 42, 46 -52) .
Previous investigations favored L4 -L5 or its approximation, the umbilical location, for a variety of reasons. First, those locations offer ease in detecting the landmarks including L4 -L5 intervertebral disc, umbilicus, or iliac crest (14, 39, 53) . Second, they are the same location as the WC measurement site (54) . Third, they offer the maximum ratio of adipose tissue to total tissue area (39) . Fourth, the percentage of total tissue as VAT found at the umbilical location cross-section is closer to the mean value for all slices combined than for any other single slice (39) . Subsequent reports cited those earlier investigations (13, 54) or did not give a reason for choosing L4 -L5 as a measure of VAT volume (44, (55) (56) (57) (58) . Whereas the choice of a selected slice for VAT measurement may have merit, depending on the aims of the study, the location at which the slice area has the highest correlation with VAT volume is the most appropriate choice.
The high intrasubject between-slice variability in VAT area recently report by Greenfield et al (22) was also noted by investigators almost 2 decades ago (59) . Despite the high intrasubject between-slice variability in VAT area also observed in the present study (Table 3) , the correlation between a single-slice area and VAT volume reached an r value of 0.966 in men and of 0.972 in women. We can thus conclude that a high regional intrasubject between-slice variability in VAT area does not necessarily imply a poor correlation between a single-slice area and VAT volume. In other words, although there is considerable variation between single-slice VAT areas, that does not imply that a single slice cannot be used to estimate VAT volume, especially for group comparisons.
There are several limitations of the present study. Although we found that VAT areas 5 and 10 cm above L4 -L5 have the highest correlations with VAT volume, we do not have continuous scans, the exact location of the slice with the highest correlation cannot be identified precisely, and we cannot study landmarks such as L2-L3 or L3-L4. In the present study, we used a polynomial curve to estimate the location of the slice area with the highest correlation with VAT volume. Our currently available data cannot be used to differentiate between IPAT and EPAT, and therefore we cannot identify the slice that has the highest correlation with the proposed highly active IPAT compartment. Further studies are needed to confirm our findings in longitudinal data sets and in patients with health disorders. Another limitation is that the cohort of the present study includes few Hispanics and Asians, and thus our findings should be applied cautiously in racial groups other than whites and blacks.
Conclusions
Single-slice VAT areas 5-10 cm above L4 -L5 have a higher correlation with VAT volume than does the VAT area at the traditional L4 -L5 location. The influence of age, race, prone or supine body position, BMI, and WC on the relations between VAT areas and VAT volume is relatively small. The present study results indicate that statistically more powerful group comparisons of VAT volume may be carried out by using a singleslice VAT area located 10 cm above L4 -L5 in men and 5 cm above L4 -L5 in women rather than by using a slice from the L4 -L5 location.
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